INTRODUCTION
Multiple sclerosis (MS) is a chronic immune-mediated disease of the central nervous system (CNS). The transmigration of activated T cells from the peripheral blood into the CNS is considered as a crucial step to initiate and maintain this highly debilitating disease, a process in which the α 4 β 1 -integrin (VLA-4) is critically involved. 1 Natalizumab (NAT) is a humanised monoclonal IgG 4 antibody designed to specifically target this step in MS pathogenesis by blocking the α 4 -subunit of VLA-4 on activated T cells. 2 Although clinically highly efficacious, the occurrence of cases of NAT-associated progressive multifocal leukoencephalopathy (PML), a CNS infection caused by the JC virus (JCV), limits its use. [3] [4] [5] While many aspects of the pathogenesis of PML during NAT treatment still remain obscure, two elements have been recently elucidated: (a) sequencing analyses of the viral genome indicate that patients who develop PML have a pathogenic form of the virus, with specific changes in the regulatory region and the major viral capsid protein VP1 that may facilitate the spread of the virus from the periphery to the brain, [6] [7] [8] (b) the inhibition of immune cell trafficking into the CNS by NAT could allow pathogenic forms of JCV to become established due to the reduced immune surveillance in the CNS. 9 Consistent with these concepts, infection with JCV is considered a prerequisite for the development of PML. This assumption is supported by the observation that NAT-associated cases of PML tested positive for anti-JCV-IgG antibodies (anti-JCV antibodies) in samples taken prior to (range 6-187 months, n=64), or around the time of PML diagnosis (n=101). [10] [11] [12] These findings have resulted in a two-step anti-JCV antibody assay being introduced to stratify patients with MS treated with NAT for lower or higher risk of PML. [13] [14] [15] In Sweden, the patients with MS treated with NAT are included in a postmarketing surveillance study. 16 17 A unique set of prospectively collected blood samples from this nationwide cohort allowed us to assess the potential utility of anti-JCV antibody levels in serum for earlier diagnosis or prediction of PML. For this purpose, anti-JCV antibody status and levels before and after treatment initiation with NAT (n=1157), and before and at diagnosis of PML (n=5) were studied. Human anticytomegalovirus (CMV) and antivaricella-zoster-virus (VZV) antibodies served as controls.
PATIENTS AND METHODS Patients and samples
The study was performed within the Swedish postmarketing surveillance study for NAT. 16 17 All patients gave written informed consent for this NAT-specific study, approved by the Karolinska Institutet regional ethical committee (KIDnr 2006/1:7, 2006-08-23). Until use, all samples were stored at −80°C. The initial cohort tested for anti-JCV antibodies consisted of 1157 MS patients treated with NAT before March 2010. Only patients with a NAT treatment-naïve sample and a second sample (last sample available was selected) during NAT treatment were included in this analysis. Patients with insufficient quantification of anti-JCV antibodies in one of the two samples studied Open Access Scan to access more free content
(insufficient analysing quality, titres not done), or those previously treated with intravenous immunoglobulin were excluded from the study (total patients excluded: n=313); 844 patients remained including five patients with PML. For these patients (NAT-group, median time between sampling 12 months), a time point (t3) just before the first infusion with NAT was compared with a second measurement (t4) during NAT therapy. As illustrated in online supplementary efigure S1, antibody levels were also studied prior to NAT therapy during treatment with interferon beta (IFN) in a proportion of the same patients. Two subgroups were defined: for the largest, the IFN1-subgroup, samples at t1 and t3 were available, whereas the IFN2-subgroup had samples at an additional time point t2.
Anti-JCV antibody detection and quantification
A two-step assay to determine anti-JCV antibodies was applied to the samples as published before, 10 performed at Focus Diagnostics (Cypress, CA, USA) and sponsored by Biogen Idec (Cambridge, Massachusetts, USA). Briefly, in the first step, the optical density (OD) was measured by ELISA, and samples with normalised OD (nOD) values above 0.25 were considered as positive, and below 0.1 as negative. For patients with nOD values between 0.1 and 0.25 (indeterminate zone), the percentage of inhibition was determined in a second step after preincubation with soluble JCV-like particle antigen. Samples with a percentage of inhibition >40% and a nOD range between 0.1 and 0.25 were deemed positive (indeterminate-positive), while samples with a percentage of inhibition <40% were classified as negative (indeterminate-negative). Sera testing positive for anti-JCV antibodies were diluted in 1:3 dilution steps to determine the anti-JCV antibody titre level.
Anti-CMV and anti-VZV antibody detection and quantification
For the anti-CMV antibody status assessment, an ELISA method targeting antigens prepared from the nuclei of CMV-infected fibroblasts (nuclear antigen) was employed as published. 18 OD values below 0.2 were considered negative. A standard curve was run on each plate for quality control, and paired samples were studied on the same plate. A recently published ELISA to determine OD values for highly specific IgG-antibodies against a recombinant VZV glycoprotein E antigen produced in mammalian cells was used to study for anti-VZV antibodies, and paired samples were analysed on the same plate. 19 20 
Statistical analysis
Calculations were performed in GraphPad Prism V.5.0 for Windows (GraphPad Software, San Diego, California, USA). For categorical values, the χ 2 test or the Fisher`s exact test was applied depending on sample size. Continuous unpaired samples were compared applying the Mann-Whitney test or the Kruskal-Wallis test with Dunn's Multiple Comparison test where indicated; paired samples were studied applying the Wilcoxon matched-pairs test. To assess differences in the seropositivity rates across equally spaced age groups, the χ 2 test for trend was used. p Values were based on two-tailed statistical tests and considered significant if <0.05.
RESULTS

Seropositivity for anti-JCV antibodies before and during therapy with NAT
As shown in table 1, age and gender were similar for patients in the NAT-group, the IFN-subgroups, and the PML patients. While the NAT-group and the IFN2-subgroup had a similar time between sampling, the latter was longer for the IFN1-subgroup and the PML patients compared with the NAT-group (table 1) .
The seropositivity rates for anti-JCV antibodies in the 839 patients of the NAT-group were within the previously reported range, and did not change after treatment initiation with NAT *IFN1-and IFN2-subgroups are subgroups of the NAT-group defined by samples available prior to NAT therapy at t1 and t2. For details see online supplementary efigure S1. †Δt months=time between first and last sample. NAT, Natalizumab; PML, progressive multifocal leukoencephalopathy.
(before NAT (t3): 56%, during NAT (t4): 55%, p=0.731). The seropositivity increased with age ( p<0.0001), and was higher for men compared with women (t3: women 53%; men: 62%; p=0.018; t4: women 52%; men: 63%; p=0.005). Interestingly, 5.4% (45/839) of all patients of the NAT-group (table 1) , which was 9.6% (45/471) of the positive patients at t3, reverted to negativity at t4 during the median 12 months of therapy with NAT. Compared with the 426 persistent positives ( positive at t3 and t4), these seroreverters had lower median nOD values prior to NAT treatment at t3 (0.158 vs 0.479; p<0.0001, figure 1A) , and most had been classified as indeterminate-positive at the first time point (91.1% (41/45) vs 23.2% (99/426); p<0.0001).
A similar proportion of the negatives at t3 demonstrated seroconversion to a positive status at t4 (10.3% (38/368) of the negative at t3, or 4.5% (38/839) of all patients). Compared with the 330 persistent negatives (negative at t3 and t4), the seroconverters had slightly higher nOD values at t3 (0.085 vs 0.098; p=0.011, figure 1B) , and there was a trend for a higher proportion of patients classified as indeterminate-negative (42.1% (16/38) vs 26.7% (88/330); p=0.057). Interestingly, a comparably high proportion (47.3% (18/38)) of the seroconverters during NAT therapy increased by nOD>0.2, suggestive of biological, rather than technical change. By contrast, a significantly lower proportion (6.1% (2/33); p=0.003) of the seroconverters during the IFN therapy (negative at t1, positive at t2 and/or t3) increased by nOD>0.2 ( figure 1C ), explaining the lower median change in nOD observed for these patients ( figure 1D ).
Anti-JCV antibody levels before and during therapy with NAT
In anti-JCV antibody positive patients, anti-JCV antibody levels as measured in nOD slightly declined in paired samples after the treatment initiation with NAT (Nat-group: median ΔnOD: −0.027; p<0.0001), while they were unchanged during the preceding treatment with IFN (IFN1-subgroup: median ΔnOD: +0.015; p=0.105; IFN2-subgroup: median ΔnOD: −0.001; p=0.979), or showed an upwards trend in the PML patients for the values at diagnosis compared with the pretreatment samples (median ΔnOD + 0.284; p=0.062; figure 2A ). Although the changes to the nOD values observed were mild to moderate, all five PML patients showed an increase above the 95 percentile (ΔnOD +0.151) of the anti-JCV positive patients of the NAT-group who did not develop PML (figure 2A,B) . The proportion of patients who increased in anti-JCV antibodies above this threshold was higher during the therapy with IFN compared with during therapy with NAT (IFN1-subgroup: 15.2%; IFN2-subgroup: 11.0%), but still significantly lower compared with the patients who developed PML ( figure 2B) .
The median absolute nOD values were similar for the PML patients and the anti-JCV positive patients of the NAT-group prior to NAT-therapy (0.486 vs 0.412; p=0.522), but higher at diagnosis of PML compared with the values of the NAT-group during NAT (0.928 vs 0.371; p=0.008; figure 2C ). Only one of the PML patients was outside the 95 percentile of the nOD values of the anti-JCV positive patients of the NAT-group, before and after treatment initiation with NAT.
The 1:3 dilutions titres, as a second measure to quantify anti-JCV antibody levels, confirmed our findings for nOD-values, but proved to be less sensitive for changes in general. Approximately 60% of the patients remained on the same titre level when comparing two different time points (online supplementary efigure S2A). Nevertheless, the proportion of patients with increasing titres was significantly lower in the NAT-group compared with the PML patients (NAT-group: 5.5% vs PML patients: 60%; p=0.002; online supplementary efigure S2B), and in the NAT group compared with the IFN subgroups (NAT-group: 5.5% vs IFN1-subgroup: 19% or IFN2-subgroup: 16%; p<0.0001 or p=0.001, respectively). The relatively high proportion of patients who increased in anti-JCV antibody titres during IFN therapy, and the low statistical power due to the low number of PML patients included, explain why only the IFN2-subgroup differed from the PML patients, while the IFN1-subgroup showed the same trend, but did not reach statistical significance (see online supplementary efigure S2B). The median absolute titre values were similar for the PML patients and the anti-JCV positive patients of the NAT-group prior to NAT therapy ( p=0.218), but higher in the PML patients at diagnosis ( p=0.013). Only one of the PML patients was outside the 95 percentile of the distribution of the absolute titres, before and after treatment initiation with NAT (online supplementary efigure S2C).
The nOD values for anti-JCV antibodies from baseline to diagnosis of PML showed a consistent upwards trend in all the five cases. Compared with the lowest level measured, the trend to increase in nOD started several months prior to diagnosis of PML (figure 3). By contrast, OD values for anti-VZV or anti-CMV antibodies did not exhibit any particular trend, supporting the virus-specificity of the increase in anti-JCV antibodies ( figure 3 ).
Anti-VZV and anti-CMV antibody levels prior to and during therapy with NAT
The antibody response to VZV, as measured in OD values, declined both during the therapy with NAT and IFN, but the amount of the decrease was significantly higher during the NAT-therapy (NAT-group: median ΔOD -0.098, p<0.0001; IFN2-subgroup median ΔOD: −0.023, p=0.003; figure 4A) .
The OD values for anti-CMV antibodies slightly increased during the NAT-or the IFN therapy (NAT-group: median ΔOD +0.061, p<0.0001; IFN2-subgroup: median ΔOD: +0.061, p=0.128; figure 4B ).
None of the PML patients increased in anti-VZV or anti-CMV antibodies at time of diagnosis, as defined by an increase above the 95 percentile of the OD-changes of the NAT-group.
DISCUSSION
In this article, we present the results from a large-scale national study 16 17 reporting changes to anti-JCV antibody status and levels in 844 patients with MS, before and during treatment with NAT, including five cases of PML.
Overall, the 55% seropositivity rate was within the previously published range, and did not change after treatment initiation with NAT. However, a comparably high proportion (around 10%) of the negative patients converted to positivity after treatment initiation with NAT, or vice versa. The reversion from positivity to negativity is explained by smaller changes in nOD within the variability of the ELISA assay, and thus, fluctuations around the cut-off account for the majority of these patients. By contrast, among the patients who converted from a negative to a positive status, a proportion of patients (4.9% (18/368) of the anti-JCV negative patients) demonstrated a relatively strong increase in nOD values, suggestive of a seroconversion which reflects a true change in viral status, rather than merely fluctuations around assay cut-points. Interestingly, the proportion of these patients was significantly lower during the IFN therapy ( figure 1 ). As patients with biological change in serostatus might include individuals with primary infection, re-exposure to JCV, or a new site of infection due to the spread of the virus, further studies including subclasses of anti-JCV antibodies are warranted to better understand this observation with regard to its potential relevance to the pathogenesis of PML.
In anti-JCV antibody positive patients the median anti-JCV antibody levels declined slightly after the treatment initiation with NAT (figure 2), while they were unchanged during the preceding therapy with IFN. In addition, a decline in anti-VZV antibody levels was noted after start of treatment with NAT, which was greater compared with the decline observed during IFN therapy (figure 4). Our findings in the IFN-treated patients are in line with published literature, reporting stable anti-JCV antibody levels, 21 or slightly declining anti-VZV antibodies over time. 22 By contrast, our data during the NAT therapy is suggestive of a mild suppressive treatment effect on anti-JCV and anti-VZV antibody levels. NAT targets the α 4 -subunit of two important integrins (α 4 β 1 , α 4 β 7 ), expressed on B and T cells during various stages of development and maturation in a tissuespecific manner. 23 These integrins are considered to be important for homing and adhesion of leukocytes to their niches. Various groups have reported changes to B cell homeostasis in the peripheral blood during NAT treatment, with higher numbers of immature pre-B cells and memory and marginal zone like B cells being found in the peripheral blood compartment. [24] [25] [26] [27] [28] [29] Importantly, impaired homing of these cells to their natural niches might be associated with a loss of prosurvival stimuli relevant to the persistence and quality of the antibody response to recall-antigens. 30 A suppressive mechanism affecting the humoral memory response, but not the response toward a neoantigen, could potentially explain our findings: increases in nOD after seroconversion in anti-JCV antibody negatives, as well as a mild decline in antibody levels in the antibody positives. Therefore, further studies assessing the humoral memory function might contribute to further elucidate the pathogenesis of PML during therapy with NAT.
By contrast with the findings for anti-JCV and anti-VZV antibodies, anti-CMV antibodies increased slightly during NAT treatment ( figure 4 ). This could potentially be explained by the different natural kinetics of the antibody responses to different viruses, as previously reported 22 : compared with JCV and VZV, CMV causes a blood-borne persistent infection that induces a strong antiviral antibody response, with increasing titres years after infection, 31 32 and higher median anti-CMV antibody levels in the elderly. 33 The blood-borne persistent infection with CMV might be associated with a higher frequency of subclinical reactivations, and thus, a different mechanism to maintain the immunological memory response.
For anti-JCV antibody positive patients, the overall downwards trend in antibody levels was associated with a significantly reduced proportion of patients increasing in anti-JCV antibody levels (figure 2). This is of importance, as at time of PML diagnosis, all five Swedish patients with PML showed an upwards trend in anti-JCV antibodies, while anti-VZV and anti-CMV antibodies did not follow these kinetics ( figure 3 ). Therefore, we conclude that the onset of PML can be accompanied by an increase in anti-JCV antibody levels in serum, possibly driven by a new site of infection with a lytic character, and/or the pathogenic transformation of the virus ( figure 3 ). In line with our findings, an increase in anti-JCV antibody levels in serum during the course of PML has been previously observed. 34 had relatively high levels of anti-JCV antibodies (nOD>0.6) before PML diagnosis, and of the four with more than one pre-PML sample, three showed an increase in nOD values over time. In our cohort, while only 2/5 patients had absolute nOD values >0.6, 100% of the patients (with 95% specificity) had mild to moderate increases in nOD compared with a baseline value in the same individual prior to start with therapy (figures 2 and 3). We therefore conclude that the monitoring of anti-JCV antibodies for high levels prior to NAT, 35 or increasing levels during the therapy with NAT (our data), could potentially allow the prediction or earlier diagnosis of PML, at least in a proportion of the anti-JCV positive patients.
There are limitations to our large-scale national study: our cut-off for an increase in nOD values is empirically set based on the changes to anti-JCV antibodies in a cohort of NAT-treated anti-JCV positive patients with a median time between sampling of only 12 months (range 1-38 months), and only five cases of PML, all diagnosed after the first year of therapy. Considering the fact that the anti-JCV antibody positive patients who did not develop PML were sampled only once during the NAT therapy, and the time between sampling was shorter compared with the PML cases, the natural fluctuations of anti-JCV antibody levels not predictive for the development of PML most likely are not entirely reflected in our study. In addition, although the changes observed were highly consistent, and the virus-specificity of the increase in anti-JCV antibodies for the PML cases was supported by anti-VZV and anti-CMV antibodies not changing, the increases were mild, and just above our empirically defined threshold in two of the five PML cases. Therefore, our data should ideally be confirmed in a prospective longitudinal multicentre trial, including a larger number of PML patients, and controls. Such a study might be well worth performing: in combination with high clinical vigilance and regular follow-up imaging, changes to the anti-JCV antibody levels in serum in the antibody positive risk cohort could broaden our armamentarium in the PML risk surveillance of patients treated with NAT. Since the measurement of anti-JCV antibody levels only requires a serum sample that can be taken at the time of a scheduled infusion, further evaluation of this approach to stratify patients for higher or lower risk of PML could be relatively straightforward.
